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FOREWORD

A systematic investigation of the characteristics of composition and processing that underlie the
nonlinear scattering in rare-earth activated silicate glasses was undertaken during this four-year
program. Permanent holographic gratings in these glass systems suggest potential applications
as high-Q frequency selective filters.

Key questions answered by this research include: (i) how close can two laser-induced
holographic gratings be before cross-talk interference results; (ii) how tunable and stable are
these laser-induced gratings for different compositions and temperature. The Advanced
Research Projects Agency has a strong interest in wavelength division multiplexing. This
proposal included the synthesis and characterization of laser induced gratings in rare earth doped
glasses. In particular, the characteristics of grating formation, stability, and erasure in addition to
the ionic transport properties and phonon physics of these media that are important to these
optical characteristics. Four-wave mixing experiments were utilized to determine the Bragg
scattering efficiency of these laser gratings that are correlated to the host glass composition and
the phonon structure of the glass network. In addition to the four-wave mixing measurements,
Raman and Brillouin scattering measurements, as well as ionic conductivity and NMR
measurements, were conducted on many of the rare-earth doped glass samples.
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A. STATEMENT OF THE PROBLEM STUDIED

To determine the concentration and temperature dependence of laser-induced holographic
gratings in rare-earth doped alkali silicate glasses. Concentration changes in these glasses with
europium content are given in Table 1. A four-wave mixing experimental setup was used for
this study.

Table 1 Sample information
SiO; | Na,O | MgO | ALO; | Eu0s P n o
(%mol) | (%mol) | (%mol) | (%mol) | (%mol) | (g/cm’®) | @514.5nm | (cm™)
Bragg05 70 15 12 3 0 2.72 1.528 0.324
Bragg07 69.65 14.925 11.94 2.985 0.5 247 ©1.533 0.372
Bragg08 | 6930 | 1485 | 11.88 | 297 1 2.52 1.536 0451 |/
Bragg09 68.25 14.625 11.70 2.925 2.5 2.56 1.541 0.563
Braggl0 66.50 14.25 11.40 2.85 | 5 2.78 1.545 0.807
OSU-Eu7.5 | 64.75 13.875 11.10 2.775 7.5 2.94 1.554 0.986
OSU-Eul0 63 13.50 10.80 2.7 10 3.12 1.568 1.19
OSU-Eul$5 59.50 12.75 10.20 2.55 15 3.33 1.610 1.48
OSU-Eu2.5 | 68.25 14.625 11.70 2,925 2.5 2.61 1.534 0.983
OSU-Eu’5 66.50 14.25 11.40 2.85 5 2.87 1.537 1.29
F-Quartz 100 221 1.462 0.04




In addition to this major issue, several important objectives were also addressed in this research:

@) Developing optics and kinetics models to make comparisons between our
experimental four-wave mixing results and theory.

(i)  Determining how close two laser-induced images can be before cross-talk
interference results.

(iii) Showing that gratings can be written and probed using different laser
wavelengths.

(iv)  Relating measurements, such as Raman scattering, Brillouin scattering, ionic
conductivity, and NMR, to our understanding of the laser induced gratings in
these rare-earth doped glass samples.

(v)  Attempting to write laser-induced gratings in fibers of the same concentrations as
bulk glass samples.

B. SUMMARY OF THE MOST IMPORTANT RESULTS

VOLUME GRATING PRODUCED BY INTERSECTI AUSSIAN BEAMS IN AN
ABSORBIN EDIUM: AB F TION MODEL

" A theoretical model, assuming pure phase gratings, was developed concerning the diffraction of
a Gaussian probe beam by a volume grating formed by two intersecting Gaussian pump beams in
an absorbing medium. The dependence of the Bragg diffraction efficiency on material
parameters (sample thickness, absorption, and nonlinear refractive index) was shown in this

~ model. Such a model more accurately reflects our experimental configuration and provides us
with needed information as to how Bragg diffraction efficiencies should vary with crossing angle
and laser beam spot size. This model allows the determination of the nonlinear change in the
index of refraction An arising from permanent gratings induced in our samples. This can then be
compared with a theoretical An which is obtained from a kinetics model, as described below.

KINETICS MODEL OF PHOTOINDUCED REFRACTIVE INDEX GRATINGS IN
RARE-EARTH-SENSITIZED GLASSES '

This model relates the refractive index modulation to an underlying modulation in the
composition of the glass, particularly in the distribution of small modifiers. For simplicity, only
one species of modifier is assumed to be mobile. In this picture, it suffices to calculate the
density M(x,2) of mobile modifiers to obtain the strength of the grating. One dimensional
diffusion and drift along the grating axis are considered. The mobile modifiers are distributed
over a uniform density of sites. The calculation is carried out in three stages: 1) first, the
modifiers are taken to be neutral; 2) secondly, a uniform density D of deep traps is introduced
that permanently immobilizes initially mobile modifiers; 3) finally, the modifiers are allowed to
be charged so that drift under the influence of the space-charge field or an applied field must be
included. The nonlinear change in the index of refraction is related to the density of mobile
modifiers.




DETERMINING SPACING BETWEEN ADJACENT LASER-INDUCED GRATINGS
AND STABILITY OF GRATINGS AND STORING HOLOGRAMS

We were able to write many holograms in Eu-doped silicate glass. After the recording was
done, the object beam was blocked and the other beam (reference beam) was allowed to
impinge on the sample in order to read out the stored information. The 465.8 nm line of an
argon laser was used in writing with read beams of different wavelength. The spot size of the
beams was w = 0.1mm, the total power used was in the range of 10-50 mW, the crossing
angle of 10°, and the exposure time in the range of 10-30 seconds. The low power of the
write-beam and the short exposure time indicate that this type of sample is good for practical
applications such as storage devises. The closest distance (measured from the center of the
previous grating region) that a grating or a hologram can be written without affecting a
previous one (cross talk) was found to be on the order of w (0.1mm). More details of this
can be obtained in Appendix 1 (Holographic image storage in Eu3+ -doped alkali-
aluminosilicate glasses). A dark lifetime of these gratings is more than twenty months (see
Fig. 4 in Appendix 1).

LASER-INDUCED GRATINGS WRITTEN AND PROBED WITH DIFFERENT LASER
WAVELENGTHS

Laser-induced holographic gratings were recorded using different laser wavelengths from an
argon-ion laser. The results for the maximum and permanent induced change in the index of
refraction (An) as a function of write-beam wavelength are shown in Figure 1. Figure 1 also
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Fig. 1. Induced change in the index of
refraction as a function of write-beam
wavelength.

shows that the strongest grating was accomplished for A.,=465.8 nm. This wavelength lies near
the peak of the 7F;—5D, absorption transition. The surprising results were obtained for the off-
resonance write-beam wavelengths.

Holographic images, written using the 465.8 nm line, could be read and probed using off-
resonant wavelengths, as illustrated in Fig. 3 of Appendix 1 (Holographic image storage in
Eu3+ -dcped alkali-aluminosilicate glasses). Although the image quality is not as clear as when



reading the stored image usirig the same wavelength, nonetheless, quality images were still
obtained indicating a longer reading lifetime when reading with off-resonant wavelengths.

NCENT TION DEP. - RATIN
Introduction

According to our (small-modifier diffusion) model’ (see above model), sodium-ion-migration
from the bright regions toward the dark regions is responsible for the formation of the permanent
grating in these glasses In sodium alummosﬂxcate glasses, it is known that ionic conductivity
increases by increasing the A/ concentration® (see Section on Ionic Conductivity Measurements).
Therefore, we used glass samples with different A/ and Eu concentrations and studied the
strength of the grating as a function of the these concentrations. The samples have the following
compositions: for A/ variation [0.15Na,0 — 0.12MgO - y ALO; - (0.73 - y) SiO;]e75 +
[Eu,0sl,5, where y = 0.03, 0.06, 0.09, 0.15 and for Eu variation [0.70SiO; + 0.15Na,O +
0.12MgO + 0.03AL03] (100-x) + [Eu203]y, where x ='1.5, 2.5, 5.0, 7.5, 10.0, 15.0 mol.%. The
samples have thicknesses between 2 to 4 mm.

Results and Discussion

The general procedure we used is as follows. The write-beams were kept on until the power of
the diffracted signal reached its maximum. Then both write-beams were blocked over a 5-
minute period to determine the transient component of the diffracted signal. This measurement
was followed by unblocking one of the write-beams in order to start the erasing process. The
power of the write-beam was the same during both the writing and the erasing processes. Most
of the time, these steps were repeated twice during the same scan. When the writing process
started, a diffracted signal appeared immediately followed by an increase in the signal intensity
until it reached its maximum. The signal build-up usually occurred over a period of one to
several minutes depending on the sample, the total power of the write-beams and the crossing
angle. The diffracted signal was observed to decay slowly if the write-beams were kept on after
the signal reached its maximum.

When Eu®* is excited to the D, level, it decays to the lower Dy (J=0,1) levels via
nonradiative decay processes. The radiationless relaxation takes place through multiphonon
emission of several high-energy phonons. The high-energy phonons provide the activation
energy for some light modifiers to migrate in the glass network. The permanent grating is due to
the permanent change in the index of refraction An, which, in turn, is a result of the migration of

light modifiers like Na from the bright toward the dark regions. Here An(x,?),, «< AM(x,1),
where M(x,t) is the density of the mobile modifiers as determined from our kinetics model’.

Effects of Al,O; Concentration

Fig. 2(a) shows that the change in the index of refraction increases as the AlLO;
concentration increases. The linear behavior of the An with AL,Oj; indicates that 4/ is important
in the formation of efficient grating. This will be seen clearly as we discuss these results later.




Fig. 2(b) displays the density of the mobile modlﬁers as a function of Al,O3 concentration. This
result was obtained using the kinetics model® and the experimental data. To understand these
results, we first should discuss how the Al;O; enters the glass network. There is a general
agreement that when the ratio of Al/Na is less than 1, the AI*" substitutes for Si*" in the glass
network. This results in the

Experiment Small-modifier diffusion
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Fig. 2 The change in the index of refraction and the modifiers density as function of ALO;
concentration.




elimination of one non-bridging oxygen. The Na* ion then associates itself with the AI** ion. A
diagram showing the AlO, tetrahedral group is displayed in Fig. 3. The activation energy of Na"
associated with A’ is smaller than that of Na* associated with a non-bridging oxygen. This is
due mainly to the localization of the charge on the AlO4 group. The increase in the An with the
increase of A/ concentration can be explained as follows. According to our model, the increase in
An is a measure of the number of modifiers that have been moved from the bright toward the
dark regions. When the A/ concentration increases, the activation energy for the Na* decreases®*,
and as a result, more Na* migrate from the bright region toward the dark regions. The linear
increase is due to the fact that every AlO4 group attracts one Na'. This also shows that the Na*
ions associated with the AlO4 group are the main constituents that participate in the migration
process. Note that the decrease in activation energy with the increase in Al,O3 concentrations is
also consistent with the ionic conductivity measurements which is presented later in this report.

{+

Na Bbund to
non-bridging O

o0
o 2=

>
.....-“

Z
[V

*

Naboundto +. i
substitutional
Algi complex

Fig. 3. A schematic diagram shows AlO, tetrahedral group.
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Effects of Eu,03 Concentration

As the EuyOs concentration increased, a substantial increase in the grating strength was
observed. Fig. 4(a) shows how the permanent change in the index of refraction, An,,,, behaved
as the Eu content increased. Notice that An,,, increased nonlinearly for Eu;O; concentration
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Fig. 4 The permanent change in the index of refraction (a) and the corresponding density of
the mobile modifiers (b) as function of the Eu,O; concentration.

between 2.5 and 10 mol.%, after which it starts to saturate. Figure 4(b) shows the density of the
mobile modifiers, M, as a function of Eu;O3 concentration. Its behavior is similar to that of An,,,.
This is to be expected because An,,, is directly proportional to M. The increase in the An,,, with
the increase of Eu concentration can be explained as follows. According to our model, the
increase in An is a measure of the number of modifiers that have been moved from the bright -
toward the dark regions. When the Eu concentration increases, the Eu occupies sites close to
those of Na, and as a result, the number of Na that will be able to move will increase. Also, with
the increase in the Eu concentration, the energy provided to the system increases. Therefore, Na
farther from Eu sites or in deeper traps will obtain the energy needed for the migration process.
This accounts for the small quadratic behavior of Anp,,.

The transient component of the grating is attributed to a population grating’. The increase in the
Any,.n with the increase of Eu concentration is due to the increase in the excited Eu’*. The
fluorescence data showed that the local environment of Eu®* changes with the Eu concentration.
This is due mainly to the change in the crystal field at the site of Eu**. The signal build-up rate is
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proportional to the number of the hot-phonons because the latter is the source of energy for the
migration process. Therefore, the larger the energy in the system, the more rapid the migration
process will be. Also, the larger the changes in the transient index of refraction, the larger the
number of the hot ghonons. This is due to the fact that the excited Eu®* decays nonradiatively
from the °D; to the °Dy, intermediate state, producing several high-energy phonons. Previously, it
has been established” that the excited Eu®" to the *Dy is responsible for the transient grating. This
shows the basis for the linear relation between the build-up rate and the transient change in the
index of refraction.
TEMPERATURE DEPENDENCE OF LASER-INDUCED TI

The experimental setup is the same as previously described. Here, the crossing angle (measured
in air) is 3.87°, respectively. The CW argon laser operating in the TEMy, mode radiated the
465.8 nm line, which excited the Eu>* ions to the *D; level. The temperature at which we
performed measurements is in the range from room temperature to liquid nitrogen temperature.

Figs. 5 and 6 show how the initial maximum P, changed as we lowered the temperature of the
samples with different Eu** concentrations in different ranges of temperature. The range of
temperature is from room temperature to -33 °C for Fig. 5 and from room temperature to -183°C
for Fig. 6, respectively. There are two trends for the different samples. For the Eul5 sample, the
initial maximum increased as the temperature was lowered. For the other samples, Eu5, Eu7.5
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and Eu10, the initial maximum decreased at the lowered temperature.
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Measurements have also been performed for temperatures above room temperature to about
92°C. The experimental setup is the same except that the crossing angle is changed to 5.145°. It
should be noted that, unlike temperatures below room temperature, there is no significant change
in the diffracted grating efficiency above room temperature for glass samples with varying Eu’*
concentrations. However, changes are seen in the build-up time of the grating formation and the
rewriting of a laser grating following erasure.

Fig. 7 presents the results of the build-up time for the samples with Eu** concentrations of 5, 7.5,
10 and 15 mol % at different temperatures of grating formation. The build-up time is defined as
how long it takes the diffracted signal to reach the maximum. As indicated by the figure, when
the grating formation temperature increases, the build-up time increases also. It can be explained
by the increase of acoustic phonons when the temperature increases.

13



°
—~ °
g 37
&
o
= °
o
3
B
@ 2- *
°
1 T L I L) I ¥
-40 -20 0 20 40 60 80 100
Temperature(°C)

Fig. 7. Temperature dependence of build-up time of the maximum grating at different temperatures,
Eu 15%, 20,=5.145°.

In the rewrite procedures of a laser-induced grating, the sample is allowed to reach its maximum
diffracted efficiency, after which a single write beam erases this initial grating.. After the grating
has been erased for two minutes by one write beam, the second write beam is turned on allowing
the grating to be generated again. During this rewrite process, we find much stronger gratings are
achieved at higher temperatures. This behavior is seen for samples with varying Eu**
concentrations of 5, 7.5, 10, and 15 mol %.

THER MEASUREMENT
Raman Scattering

Raman scattering measurements were conducted on glass samples with variations in Eu,0; and
ALO; (see Table 1 and formulas in the introduction section on of the laser-induced grating
measurements).
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The effect of increasing the Eu,O3; composition shows an increase in the number of non-
bndglng oxygen bonds. The shift of 840~1200 cm™ Raman band to lower wave-numbers with
increasing rare earth oxide content indicates that the average number of NBO / tetrahedron
increases with increasing rare earth oxide concentration.’ Recent results 1nd1cate that the
increase is due to a compensation of the non-bridging oxygen (NBO) via the Eu®* jon with a
corresponding decrease of NBOs compensated by Na or Mg. It is also seen that structures with
two NBOs also increase in the glass network In addition, the appearance of new low-frequency
modes takes place suggestmg that Eu®* ions may occupy different sites and form high-order
coordination spheres.” Finally, there is an indication of an increase in Raman modes affiliated
with six-fold coordinated Al, (AlOg)*, in the mid-frequency Raman structure.

The effect of increasing the A,O; composition shows a decrease in the NBO structures. This
is an indication of a more connective system, where the (AlO4)" tetrahedral group previously
described becomes a former in the glass network. This provides a need for an alkali ion
compensator, such as Na’, which, because of the weaker bonding with (A10,)” as compared to a
NBO, more efficient glass laser-induced gratings result.

NMR /

With an increase of Eu,03, content, the number of Eu—0-Si and Eu—O-Al bonds increases.
There is also growth in the number of 6-fold coordinated aluminum complexes, while the
number of 4-fold coordinated aluminum complexes decreases so that the net effect is overall
enhancement of the number of NBOs since 6-fold coordinated Al is a network modifier.*® This
is consistent with the Raman scattering results.

With an increase of AL,O; content, an increase in the 4-fold coordinated aluminum results
with a corresponding decrease in 6-fold aluminum. Once again, this is completely consistent
with the Raman scattering results, where a decrease in NBO’s is seen since (AlO,)” is a network
former.

Ionic Conductivity

In general, the change in ionic conductivity with composition of the glass system can result from
two physical characteristics; first, the binding energy of the alkali ion changes, second, the strain
energy of the network changes. The latter is attributed to the fact that conduction channels in the
glass can either be widened or narrowed, or changed in their number as the composition is
altered.

The effect of increasing the Eu;0; content shows an increase of the activation energy that
indicates a decrease in the conductivity of the glass. There are several reasons that might explain
this behavior. One obvious reason is that an increase in Eu;0,; inherently decreases the Na,O
concentration, thus decreasing the availability of mobile ions. As for the glass structure, the
bondmg is stronger between Eu®**-NBO compared to the bonding of Na'-NBO; therefore Eu**
ions are immobile and do not contribute to the conductivity. This also results in Eu>* occupation
of NBO interstices close to those of Na" ions. The immobile Eu ions then block the movement

15



of Na' ions. Last, the inter-atomic distance between the Si-O bonding is comparable to the
atomic radius of the Eu®*. During glass formation, it is possible for Eu®* to get intertwined
within the glass structure so that it does not locally charge compensate any of the NBOs. The
NBOs, which are not charge compensated, act as holes that trap mobile modifiers, thus
increasing the average activation or binding energy. In contrast, four-wave mixing experiments
involve a different process in ion hopping as compared to ionic conductivity studies. In ionic
conductivity, the temperature dependent oscillation of the mobile ions along with the electric
field is the primary mechanism of ion hopping. Likewise, the europium is the primary thermal
source in four-wave mixing studies; therefore, the opposite results between four-wave mixing
experiments and ionic conductivity experiments are expected. Furthermore, it has also been
shown that Mg ions in four-wave mixing do contribute to the ion migration. In ionic
conductivity studies, the Mg ions impede the mobility of Na ions.

The effect of increasing the AlO3 content increases the ionic conductivity within the glass. In
most studies of sodium aluminosilicate glass, a slight decrease in conductivity is observed with
the initial substitution of aluminum for silicon up until (Al/Na) ~ 0.2 , after which the
conductivity increases with the substitution until (A/Na) ~ 1. Since this increase causes an
increase in (A104)" complexes and a decrease in the number of NBO's, the Na* ions become
more weakly bound to the former, indicating a lower activation energy. This is consistent with
the Raman scattering and NMR measurements.

The effect of increasing the Na,O content at the expense of SiO; is given by the following
composition formula: (in mole percent) [X Na;O - 0.12 MgO — 0.03 AL,O3 — (0.85 -X)Si02]¢75
+ [ Eu;03]2.5 where X = 0, 15, 20, 25. The trend of the activation energy is downward, indicating
an increase in the ionic conductivity as the Na concentration increases. As the Na concentration
increases, one expects the sites of lowest energy to fill first; thus, higher Na concentration '
samples have lower average activation energies due to the greater fraction of Na in shallow sites.
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Brillouin Scattering

Brillouin scattenng measurements have only been performed on the series of glass structures
with varying EuyOs. It is seen that as the Eu** concentration increases, both the transverse (Caa)
and longitudinal (C1;) acoustic elastic constants in the glass structure increase. These results are
given in Table 2.

Table 2 Brillouin scattering results for glasses with increasing Eu’* concentration

Eu*? Cn Cu B Y

% (TPa) (TPa) (TPa) (TPa)
Brg05 | 0.840 0300 | 0440 | 0.734 | 0.222
"Brg07 | 0745 | 0259 | 0399 | 0640 | 0.233
/| Brg08 | 0773 | 0268 | 0415 | 0662 | 0.234
Brg09 | 0.799 | 0277 | 0431 0.683 | 0.236
Brgl0 | 0872 | 0304 | 0.467 0.749 | 0.233
F-quartz | 0.775 | 0302 | 0372 | 0713 | 0.171

Lo}

The elastic coefficients, Cy; and Cy4, were determined from the values of longitudinal and
transverse acoustic sound velocities. These results are given in Table 2. Since C;; and Cy4
represent compressibility and shear constants, respectively, this result indicates that the glass
becomes harder when the Eu** concentration is increased.

Some other important material properties such as Young's modulus (E), corresponding to the
elasticity of the material, Poisson's ratio (o), representing the atomic structure information, and
adiabatic bulk modulus (B), corresponding to the material compressibility, can be derived from
the elastic coefficients (See Table 2). Both the Young s and bulk moduli increase indicating that
the glasses become more incompressible with increasing Eu®* concentration. The larger value of
Poisson's ratio, compared with fused quartz as shown in Table 2, implies that the overall bonding
in the glass becomes more ionic. This is in agreement with both the Raman and NMR results
since an increase in NBO structure plus the coordination change in the glass network from a
glass former, (AlOy4)’, to a modifier, (A105) , is indicative of a system becoming more ionic.
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LASER-INDUCED TI I B

Attempts have been made to write laser-induced gratings in fibers having the same
concentrations as the bulk samples previously studied. The glass material that remained after
core drilling the bulk glass material in the platinum crucible was heated to 1650 °C. At this
temperature the bottom-loading furnace was raised and a platinum wire was lowered into the
crucible after which the wire was pulled at a constant rate to obtain the fiber. This way, we were
able to draw fibers with 1-2 meter length. The optical properties of the fiber looked reasonably
good, even though the fibers were not cladded. Laser gratings were attempted using the same
interferometric technique used in the bulk glass samples. The fibers were then placed within an
absorption spectrophotometer to determine if any transmission changes occurred in near infrared
wavelengths do to the creation of gratings within the fiber core. However, no changes have been
observed up to this point. It is assumed that the volume occupied by the grating is not large
enough to result in suitable Bragg reflection at the infrared wavelengths.

Further attempts at forming these gratings will be undertaken. First, the fiber will be placed in
an index matching solution in order to reduce reflections losses at its outer region when write
beams are incident using the interferometric configuration. Second, the fiber will be transported
while being subjected to the two write beams in order to make laser gratings of larger volume.
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APPENDIX 1

Holographic image storage in Eu’* -doped alkali-aluminosilicate glasses
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